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Abstract: Resource utilization strategies of avian migrants are a major concern for conservation and
management. Understanding seasonal habitat selection by migratory birds helps us explain the
ongoing continental declines of migratory bird populations. Our objective was to compare the secondorder and third-order habitat selection by the American White Pelican (Pelecanus erythrorhynchos;
hereafter pelican) between the breeding and non-breeding grounds. We tested the Lack hypothesis
that habitat selection by migratory birds is stronger on the breeding grounds than on the nonbreeding grounds. We used random-effect Dirichlet-multinomial models to estimate the second-order
habitat selection between the seasons with the GPS locations of 32 tracked pelicans. We used
Gaussian Markov random field models to estimate the third-order habitat selection by pelicans at
the breeding and non-breeding grounds, accounting for spatial autocorrelation. Pelicans strongly
selected waterbodies and wetlands at both non-breeding and breeding grounds, tracking their
foraging habitats between the seasons at the home range level. However, pelicans exhibited seasonal
differences in the strength of the third-order selection of wetlands and waterbodies with foraging
habitat selection being stronger at the breeding grounds than at the non-breeding grounds, supporting
the Lack hypothesis.
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1. Introduction

Academic Editors: Vitor H. Paiva and

Habitat and resource selection by animals is a central topic of animal ecology [1–3].
Habitats provide animals with food, shelter (e.g., from predators and inclement climate),
and reproductive sites in a hierarchical manner [3,4]. Johnson [5] defines habitat selection
as a 4-level hierarchical behavioral process. The first-order habitat selection is for species’
geographic range. The second-order selection determines the placement of home ranges
on the landscape. The third-order selection is the nonproportional use of habitat patches
to their availability within home ranges. The fourth-order selection is for the locations of
resource procurement [5]. Different ecological processes may govern habitat selection by
animals on the different levels. For instance, birds and mammals may select habitats for
the locations of home ranges to maximize food and resource availability and acquisition,
whereas landscape heterogeneity and predation avoidance may be the primary factors
influencing the third- or fourth-order habitat selection [6–8]. However, predator avoidance
may affect habitat or resource selection consistently across the hierarchical levels [9,10].
Few studies have investigated multiscale habitat selection by waterbirds [11,12].
Animals may exhibit seasonal shifts in habitat and resource selection in response to
seasonal variation in resource availability [13,14]. Migratory birds make seasonal movements between their breeding and non-breeding grounds each year [15]. Differences in
resource availability and habitat conditions between spatially disjoint seasonal habitats may
result in seasonal variation in habitat selection by migratory birds. Lack [16] proposed that
migratory birds would move to high-latitude habitats for greater reproductive success with
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higher resource productivity and longer daylight time than on the non-breeding grounds
in low latitudes during the summer [17]. Lack’s hypothesis predicts that migratory birds
would exhibit a stronger selection of foraging habitats on the breeding grounds than on the
non-breeding grounds [16].
Anthropogenic disturbances result in habitat fragmentation and loss, thereby reducing
the amount of available habitats [18]. The habitat amount hypothesis posits that reductions in habitats would cause population declines [18,19]. One third of North American
avian populations, many of which are migratory birds, have declined during the past half
century [20]. Habitat loss on the breeding and non-breeding grounds can result in the
population declines of wetland-dwelling species. Studies of seasonal differences in the
habitat selection and requirements of migratory waterbirds can help us understand the
causes of waterbird population declines and develop plans to conserve and manage migratory waterbird populations. However, there are fewer studies of the ecology of migratory
birds at the non-breeding (or wintering) grounds than at the breeding grounds and habitat
selection by migration birds during the annual cycle [21–23].
The American White Pelican (Pelecanus erythrorhynchos) is one of the largest flying birds of
North America (King et al. 2017). Pelican populations had declined from the 1970s to the 1990s
but have recovered since the 1990s (King 2005). Pelicans have recently become an economically
important species due to increases in abundance and their impacts on the channel catfish
(Ictalurus punctatus) aquacultural operation (King 2005). Pelicans wintering in the Gulf of
Mexico (GOM) migrate to the Northern Great Plains each year [24–26]. Furthermore, although
pelicans are piscivorous, primarily feeding on fish, they also eat salamanders and crawfish
in wetlands and shallow waterbodies [27–29]. Waterbodies not only provide food, but also
shelter against mammalian predators. Inland freshwater wetlands are an important part of
the foraging habitat of pelicans. We hypothesized that pelicans would select wetlands and
waterbodies at the home-range level for food resources at both breeding and non-breeding
grounds. About 50% of wetlands were lost due to changes in land use and warming in the
lower 48 states of the US in the 1970s and 1980s [30]. Understanding the seasonal habitat
selection and requirements of pelicans can help avian ecologists assess the effects of habitat
losses and changes in land use and land cover (LULC) on pelican population dynamics.
However, no studies have investigated the second- and third-order habitat selection by
pelicans simultaneously.
Our objectives were to compare pelican habitat selection between the breeding and
non-breeding seasons and test the following two predictions. First, pelicans would select
wetlands and waterbodies at both the second and third order for food acquisition on both
breeding and non-breeding grounds. Second, pelicans would exhibit stronger third-order
selection of wetlands and waterbodies for foraging habitats on the breeding than the
non-breeding grounds.
2. Materials and Methods
2.1. Study Areas and GPS Tracking of American White Pelicans
Pelicans have two metapopulations, which are divided by the Continental Divide [24].
The American white pelicans east of the Continental Divide migrate between the Northern
Great Plains (the breeding grounds) and the GOM (the non-breeding grounds) [25,31].
Pelicans remain on the breeding ground from May through September and spend winter
on the non-breeding grounds from October to May [25]. In this study, the boundary of the
breeding range was delineated to encompass the geographic locations of known pelican
colonies [24] and the survey transects of non-zero pelican relative abundance in the North
America Breeding Bird Survey [25]. The 35◦ N latitudinal line was used as the southern
boundary of pelican’s non-breeding range [25].
We captured pelicans at sites near aquaculture-intensive areas in Alabama, Arkansas,
Louisiana, and Mississippi, USA using rocket nets and modified foot-hold traps during March and
April from 2002 to 2009 [32]. We aged captured pelicans (≥3 yr old = adult; <3 yr old = immature)
by plumage and eye and skin color characteristics, and sexed captured pelicans by culmen
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length [33]. We attached 70-g solar-powered GPS transmitters (PTT-100, Microwave Telemetry,
Columbia, MD, USA) to captured pelicans using a backpack harness [34].
The GPS transmitters were programmed to collect location data with two different
daily tracking schedules: (1) location recording from 500 h to 1900 h from 2002 to 2005 and
(2) for consecutive 24 h from 2006 to 2010. The GPS tracking duration of the 32 pelicans
ranged from one to a maximum of three years [35]. The 32 GPS tracked pelicans consisted of
25 immature males, 10 adult males, six immature females, and six mature females. Mature
pelicans have a greater propensity of spring migration than immature pelicans, and male
pelicans depart from the nonbreeding ground earlier than female birds [36]. Pelicans were
rarely active during the GPS-off hours of Schedule 1 [37]. We divided the GPS locations
of each pelican into the breeding grounds (i.e., locations between the first arrival at and
departure from the breeding grounds) and non-breeding grounds (i.e., locations between
the first arrival at and departure from the non-breeding grounds). We excluded pelican GPS
locations during the seasonal migration from our analysis. All GPS transmitters stopped
working at the end of the tracking of each pelican.
2.2. Land Use and Land Cover Data
We used the LULC data from North American Land Change Monitoring System
(https://www.mrlc.gov/data/north-american-land-change-monitoring-system; accessed
on 1 June 2020) based on MODIS satellite imagery to obtain land cover data [38]. We reclassified the original LULC classes needleleaf forest, broadleaf forest, temperate deciduous
forest, mixed forest, and shrubland as woody cover and barren land as developed using the
R package raster [39]. Reclassifications resulted in six LULC classes cropland, developed,
grassland, waterbody (or water in short), wetland, and woody. We aggregated 250-m LULC
raster by a factor 4 and calculated the proportion of each LULC class over 16 250-m grid
cells to produce a 1 km resolution raster file for each of six LULC classes using the function
aggregate of the package raster. For each individual pelican and for each GPS location, we
extracted the selected land cover variables using the function extract of the package raster.
2.3. Habitat Selection
Grassland constituted much less than 1% of the total LULC at the non-breeding ground.
Both crop plants and grasses create an open environment without woody stems and may
be associated with similar thermal and wind conditions. Furthermore, in the rural areas
on the breeding and non-breeding grounds, barren lands and developed areas were often
close to cropland and constituted much less than 1% at the breeding ground. Therefore,
we combined cropland, grassland, and developed into one LULC class of open, nonwoody covers (hereafter, non-woody) for the second-order and third-order habitat selection.
Pelicans are soaring birds using thermals and air uplifts for flying. Given that vegetative
density is a good predictor of uplift intensity [40], woody and non-woody vegetation
classifications are appropriate to distinguish them for thermal and uplift conditions for the
purpose of habitat selection by soaring birds.
2.3.1. Random-effect Dirichlet-multinomial Models for the Second-order Habitat Selection
We used random-effect Dirichlet-multinomial distribution models (hereafter, D-M
models) to estimate the second-order habitat selection by pelican. Random-effect D-M
models were modified from the D-M model of fixed-effect only [41,42]. The distribution
of GPS location counts (n1 , n2 , . . . , n4 ) over four different LULC classes was assumed to
follow the multinomial distribution, denoted as Mult(). The probabilities (p1 , p2 , . . . , p4 ) of
selecting a LULC class were assumed to have a Dirichlet distribution, denoted as Dir() [41].
The D-M models used in this study assume that habitat selection is proportional to resource
availability times a type-specific linear preference coefficient or index h (h > 0 and Σh = 1).
Resource availability (a) was measured by the proportion of LULC classes within a nonconvex polygon which encompassed all GPS locations at the non-breeding or breeding
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grounds. The greater the coefficient h for an LULC class, the stronger the selection for the
LULC class. The D-M model for the second-order habitat selection is of the form:
n1 , . . . , n4 ∼ Mult( N, p1 , . . . , p4 ),
p1 , . . . , p4 ∼ Dir (τa1 h1 , . . . , τa4 h4 ),
where N is the total GPS location counts over the four LULC classes per pelican; τ is a parameter
to account for the overdispersion of multivariate compositional counts n1, n2, . . . , and n4; and
ai measures LULC availability. The D-M models account for correlations between LULC classes
with the Dirichlet distribution. To account for temporal autocorrelation of the same pelican
between seasons or years, we developed a new random-effect D-M model for habitat selection
with pelican ID as a random effect following a normal distribution; thus,
p1i , . . . , p4i ∼ Dir (τa1 h1 eµi , . . . , τa4 h4 eµi ),
where µi is a normal variate for pelican individual i (= 1, 2, . . . , M), and σ2 is the variance
of the random effect. The exponential function of µi makes random-effect variates to be
non-negative. Our random-effect D-M model is similar to that of Martin, et al. [43] using a
univariate random effect.
Unknown parameter h for each LULC class was estimated in the Bayesian framework
with the following prior distributions µi ∼ N 0, σ2 , i = 1, . . . , M; τ ∼ gamma(1, 0.01);
h1 , . . . , h4 ∼ Dir(1, 1, 1, 1); and σ ∼ Hal f Cauch(0, 25). The 95% credible intervals (CIs) of
selection index h were generated with three Markov Chain Monte Carlo (MCMC) chains using
software rstan [39]. Each MCMC chain had a total of 2000 iterations with the first 1000 being
discarded as a burn-in or warmup period. The convergence of MCMC chains were assessed
with the Gelmen-Rubin split index R-hat and rstan’s check_hmc_diagnostics function [44].
2.3.2. Gaussian Markov Random Field Models for Third-order Habitat Selection
We first created a non-convex hull polygon to encompass all pelican GPS locations at
the breeding and non-breeding grounds, respectively. Then, we overlaid a 5 km × 5 km grid
over the polygon and determined the number of pelican GPS locations within each 5-km
grid cell within the polygon. In a preliminary analysis, we found that the average hourly
movement distance of pelicans during the active hours (900–1700 h) on both the breeding
and non-breeding grounds was about 5 km. We used the GPS location count per cell as
response variable and the geographic coordinates of grid-cell centroids to build geospatial
models to account for spatial autocorrelation. We used this aggregation mainly for the
consideration of computational speed and burden. Kang, et al. [45] also demonstrated
grid-level spatial models produced a good fit to spatial point data.
We used pelican GPS location count y per cell to measure spatial use intensity. We
assumed that pelican GPS location counts (y) followed Poisson distributions with a spatial
use intensity λ, that is, the Poisson parameter. The spatial use intensity of pelican was
represented as:
yi ∼ Poisson(λi ),
log(λi ) = β 0 + β 1 wateri + β 2 wetlandi + β 3 woodyi + ui ,
where λi is mean pelican occurrence count at a geographic location i; β0 is intercept;
βp (p = 1, 2, and 3) is the coefficient of LULC proportions; covariates water (i.e, waterbody),
wetland, and woody are the proportions of waterbodies, wetland, and woody cover in the
grid cell i; and ui is a spatially correlated random variate evaluated at location i for spatial
autocorrelation. To avoid multicollinearity in the third-order habitat selection analysis,
we used a backwards stepwise process with the variance inflation factor (VIF) function of
the R package uSDM, starting from the initial pool of four LULC predictor variables [46].
At each step, a covariate of the largest VIF value (>4.0) was removed until all remaining
covariates have VIF < 4 [47]. We calculated a matrix of pairwise Pearson’s correlation
r of the remaining variables and discarded one with greater VIF between two correlated
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predictors if r > 0.7. Average proportions of non-woody cover had variation inflation
factor >4.0 and were excluded from the third-order habitat selection models.
We used Gaussian Markov random field (GMRF) to represent spatially structured
random variable u [48]. Spatially autocorrelated error u is assumed to be generated by a
continuously indexed Gaussian random field (GF) on a 2-dimension plane [48]. Stochastic
partial differential equation (SPDE) is used to approximate the continuous GF with the
discretely indexed GMRF. The SPDE uses the vertices of a mesh built with the Voronoi
triangulation as the discrete indices (Figure A1) [49]. Therefore, the solution to the SPDE
can be assumed to be a stationary GF with the Matern spatial covariance function [48].
In SPDE, the continuous GF is approximated by the finite element method with linear
piecewise functions, producing a sparse covariance matrix [48]. The sparseness of GMRF
covariance matrices allows the SPDE model to approximate continuous spatial stochastic
processes reliably with a fast runtime [49,50]. The Matern spatial covariance function
predicts that spatial correlation decreases curvilinearly to 0.1 with distance between two
locations increasing to a value ρ, that is, the spatial range parameter.
We implemented the GMRF models in R Template Model Builder (TMB), a C++
template-based statistical software [51], by modifying the codes publicly available from
https://kaskr.github.io/adcomp/spde_8cpp-example.html (accessed on 1 June 2020). We
built eight models of all possible combinations of three covariates water, wetland, and
woody. The R function optim was used to maximize the likelihood function of each model to
estimate unknown parameters. We checked if the optimization algorithm converged for
each fitting. The maximized likelihood value was used to compute Akaike Information
Criterion corrected for small sample size (AICc ) and ∆AICc for each of the eight models [52].
The best approximating model has the lowest AICc and a model with ∆AICc < 2.0 is a
competing model.
3. Results
A total 46,821 GPS locations of 32 GPS-tracked pelicans were used in this study,
including 31,522 locations at the non-breeding ground and 15,299 locations at the breeding
grounds. A set of GPS location counts over four LULC classes from a tracked bird comprised
a multinomial sample during a season. The number of repeated-measures multinomial
samples of a tracked pelican ranged from one to five. The random-effect D-M model used a
total of 47 multinomial samples in this study.
Resource availability changed slightly on the non-breeding ground from 2005 to 2010 with
more waterbodies in 2010 than in 2005, whereas resource availability was similar at the breeding ground between 2005 and 2010 (Figure 1). The second-order habitat selection index
was greatest for waterbodies with its 95% CI exceeding those of wetland, non-woody, and
woody covers (Figure 2a). Pelicans exhibited the least selection for woody cover for their
home range placement with the 95% CIs being below those of the other three LULC classes
(Figure 2a). Despite the greater variability (i.e., wider 95% CIs) of selection index estimates
for the breeding than non-breeding seasons, pelicans exhibited similar second-order habitat
selection between the breeding and non-breeding seasons, primarily selecting waterbodies
and wetlands (Figure 2a).
There were 1500 5-km grid cells having GPS locations at the non-breeding ground.
The count per cell ranged from 1 to 950 GPS locations. The best GMRF model for the third
order habitat selection at the non-breeding ground included the proportions of waterbodies,
wetland, and woody cover as covariates (Table 1). In general, pelicans selected waterbodies
and wetlands in the third-order habitat selection, consistent with the second-order habitat
selection (Figure 2b).
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There were 1275 5-km cells having one or more GPS locations at the breeding ground.
The count per cell ranged from 1 to 1448 GPS locations. Likewise, the best GMRF model
for the third-order habitat selection at the non-breeding ground included the proportions
of waterbody, wetland, and woody cover as covariates (Table 2). Pelicans also selected
waterbody and wetland more than woody cover within the home ranges at the breeding
ground. However, the selection coefficient for wetland was almost three times greater than
that for waterbodies (Figure 2b). The 95% credible intervals of the selection coefficients of
all three land covers on the breeding grounds exceeded those on the non-breeding grounds,
suggesting stronger forage habitat selection by pelicans on the breeding grounds than on
the non-breeding grounds.
Table 2. Model selection of Gaussian Markov Random Field (GMRF) models for fine-scale habitat
selection by American white pelicans at the breeding ground in the Northern Great Plains. Symbols
AICc and ∆AICc stands for Akaike information criterion corrected for small sample size and different in AICc between a model and the best model, respectively. Letter K denotes the number of
unknown parameters.
Model

AICc

∆AICc

K

water + wetland + woody

27,593.15

0

6

water + wetland

27,628.71

35.56

5

water + woody

28,050.38

457.23

5

wetland + woody

28,596.21

1003.06

5

woody

29,042.93

1449.78

4

wetland

28,613.78

1020.63

4

water

28,064.95

471.80

4

intercept only

29,047.45

1454.30

3

4. Discussion
This study is among the few studies which have used multivariate mixed-effect models
to estimate the second-order habitat selection by wildlife accounting for the repeatedmeasure samples of the same individuals at both breeding and non-breeding grounds. The
second-order and third-order habitat selection by pelicans were restricted to waterbodies
and wetlands at both breeding and non-breeding grounds. Pelicans are soaring birds
and fly with thermals [31,53]. Scacco, Flack, Duriez, Wikelski and Safi [40] found that
thermal uplift intensity was low above waterbodies and wetlands. Therefore, selection
for waterbodies and wetlands by pelicans was probably related to foraging activities.
The strength of the second-order habitat selection by pelicans was consistent between
the breeding and non-breeding grounds with resource availability being measured at the
landscape scales. Furthermore, our findings support the hypothesis that the fine-scale
habitat selection of migratory pelicans is stronger on the breeding grounds than on the
non-breeding grounds with resource availability being quantified at the local (e.g., 25 km2 )
scale [16]. Spatiotemporal scales of resource availability may determine variability in
habitat selection by animals.
Spatial scales or extents, at which resource availability is measured, are important
for revealing hierarchical habitat selection processes [5]. Spatial and temporal scales of
resource availability are closely related [54]. We assessed resource availability across the
landscapes within the spatial extent pelicans can reach. Similarly, Dupke, Bonenfant,
Reineking, Hable, Zeppenfeld, Ewald and Heurich [7] used LULC proportions within a
polygon, which encompassed all relocations of all tracked roe deer (Capreolus capreolus) to
quantify resource availability. Furthermore, the D-M model used the GPS locations of a bird
for the home-range level habitat selection during the entire summer or winter season in this
study, reflecting season-level and home-range-level habitat selection by pelicans. On the
other hand, in the GMRF model for the third-order habitat selection, resource availability
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was measured with LULC proportions within a 5-km grid cell, which is equivalent to
average hourly movement distance of pelicans, more or less, reflecting habitat selection on
an hourly temporal scale during a season. A possible consequence of such differences in the
spatial (between- vs. within- home range) and temporal (seasonal vs. daily or hourly) scales
is that the second-order habitat selection is more consistent between regions or seasons
than the third-order selection due to the scale-up emergent property [54].
Zurell, et al. [55] found that habitat selection by white storks (Ciconia ciconia) was
more conservative between regions than at the within-home range level. Home-range level
habitat selection by white storks is relatively consistent between difference regions [55],
similar to home-range level habitat selection by pelicans. Likewise, lesser prairie-chickens
(Tympanuchus pallidicinctus) do not exhibit seasonal or regional variation in the secondorder habitat selection [8]. Fine-scale habitat selection by white storks is more variable
among different regions and more variable among individuals than home-range level
habitat selection. Pelicans rely on food resources in the freshwater wetlands [27,29]. Dietary
specialization may cause pelicans to select waterbodies and wetlands at the home-range
(i.e., second-order) levels consistently to maximize food acquisition. The Dalmatian pelican (Pelecanus crispus) also exhibit the consistent selection of wetlands on the breeding
grounds [56]. It is also plausible that lack of variation in seasonal home-range level habitat
selection by pelicans, prairie-chickens, and white storks is an emergent property from local
to large spatial scales, with local resource availability being more variable within a region
than that at the landscape scales between regions [54].
Satellite or GPS tracking provides data on the habitat use of the same individuals or
populations between the breeding and non-breeding grounds, allowing for comparisons
of the fine-scale habitat selection of migratory birds between the nesting and wintering
grounds. Seasonal variation in habitat selection is surprisingly under-represented in the
literature of waterbirds [12]. Our findings are consistent with the prediction of the Lack
hypothesis that fine-scale habitat selection by pelicans is stronger on the breeding grounds
than on the non-breeding grounds. The seasonal difference in fine-scale habitat selection
by pelicans between the breeding and non-breeding season may result from increased
requirements for food during the nesting season as Lack hypothesized [16]. Zurell, Von
Wehrden, Rotics, Kaatz, Groß, Schlag, Schäfer, Sapir, Turjeman and Wikelski [55] also
demonstrated differences in the within-home-range habitat selection between the breeding
and non-breeding storks. Alternatively, the seasonal differences in the fine-scale habitat
selection between the nesting and wintering grounds may be a form of functional responses
in habitat selection, which predicts that the strength of habitat selection is a function of
resource availability [57]. For instance, given 20 times more wetlands available on the
non-breeding grounds than on the breeding grounds (Figure 1), pelicans might increase the
strength of their selection of wetlands after arriving at the breeding grounds. Therefore, finescale habitat selection by pelicans may be contextually dependent, varying with differences
in resource availability and physiological conditions between animal individuals [12,58].
Individual variation in habitat selection has been found in many mammals and
birds [58]. For instance, breeding and non-breeding white storks differ in both the secondorder and third-order habitat selection [55]. Individual differences in habitat selection, a
form of Grinnellian niche specialization, makes animals more adaptive to varying environments [59]. Realized niches of individual animals may become narrow and diverge
(i.e., individual niche specialization) to reduce intraspecific competition [60]. Intraspecific niche specialization may enhance the plasticity of resource use and adaptability of
whole populations to varying environments with the portfolio and insurance effects [61].
Consequently, population-level responses of habitat or resource selection by animals to
resource availability may differ from individual-level responses [58]. Future studies of
habitat selection need to consider habitat selection at the individual levels [58,62].
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